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Cellular/Molecular
Regulatory Mechanisms that Mediate Tenascin C-Dependent
Inhibition of Oligodendrocyte Precursor Differentiation
Tim Czopka,1,2 Alexander von Holst,1,2 Charles ffrench-Constant,3 and Andreas Faissner1,2
1Department of Cell Morphology and Molecular Neurobiology, and 2International Graduate School of Neuroscience, Ruhr-University, D-44780 Bochum,
Germany, and 3Medical Research Council Centre for Regenerative Medicine and Multiple Sclerosis Society Translational Research Centre, Centre for
Inflammation Research, The Queen’s Medical Research Institute, University of Edinburgh, Edinburgh EH16 4TJ, United Kingdom
Here, we present mechanisms for the inhibition of oligodendendrocyte precursor cell (OPC) differentiation, a biological function of
neural extracellular matrix (ECM). The differentiation of oligodendrocytes is orchestrated by a complex set of stimuli. In the present
study, we investigated the signaling pathway elicited by the ECM glycoprotein tenascin C (Tnc). Tnc substrates inhibit myelin basic
protein (MBP) expression of cultured rat oligodendrocytes, and, conversely, we found that the emergence of MBP expression is acceler-
ated in forebrains of Tnc-deficient mice. Mechanistically, Tnc interfered with phosphorylation of Akt, which in turn reduced MBP
expression. At the cell surface, Tnc associates with lipid rafts in oligodendrocyte membranes, together with the cell adhesion molecule
contactin (Cntn1) and the Src family kinase (SFK) Fyn. Depletion of Cntn1 in OPCs by small interfering RNAs (siRNAs) abolished the
Tnc-dependent inhibition of oligodendrocyte differentiation, while Tnc exposure impeded the activation of the tyrosine kinase Fyn by
Cntn1. Concomitant with oligodendrocyte differentiation, Tnc antagonized the expression of the signaling adaptor and RNA-binding
molecule Sam68. siRNA-mediated knockdown or overexpression of Sam68 delayed or accelerated oligodendrocyte differentiation, re-
spectively. Inhibition of oligodendrocyte differentiation with the SFK inhibitor PP2 could be rescued by Sam68 overexpression, which
may indicate a regulatory role for Sam68 downstream of Fyn. Our study therefore uncovers the first signaling pathways that underlie
Tnc-induced, ECM-dependent maintenance of the immature state of OPCs.
Introduction
During development, oligodendrocyte precursor cells (OPCs)
migrate throughout the brain and gradually differentiate at ap-
propriate places to myelinate target axons. We are interested in
how the extracellular matrix (ECM) affects the differentiation of
oligodendrocytes. Tenascin C (Tnc) is an ECM glycoprotein that
is abundantly expressed in the developing brain and vanishes as
the organismmatures (Joester and Faissner, 2001). We have pre-
viously shown thatOPCs proliferate less butmigrate faster within
the optic nerves of Tnc-deficient mice (Garcion et al., 2001) and
that cultured OPCs from Tnc-deficient mice display higher mat-
uration rates (Garwood et al., 2004). Tnc is a functional compo-
nent of astroglial ECM and interferes with myelin basic protein
(MBP) expression and myelin sheet formation (Czopka et al.,
2009b). The differential activation of small GTPases of the RhoA
family proved responsible for the Tnc-induced effects on mem-
brane formation (Czopka et al., 2009b). However, the GTPases
had no effect onMBP expression, and themolecularmechanisms
that prevent differentiation are therefore not understood.
Several Tnc receptors and their downstream signaling path-
ways are implicated in oligodendrocyte development. Tnc-
dependent proliferation of OPCs depends on v3 integrin
(Garcion et al., 2001). Tnc also interacts with the cell adhesion
molecule (CAM) contactin (Cntn1) (Zacharias et al., 1999;
Rigato et al., 2002), which in turn associates with the Src family
kinase (SFK) Fyn in lipid rafts (Kramer et al., 1999). Lipid raft
formation is necessary for integrin-dependent signaling via
phosphatidylinositol-3 kinase (PI3K) to mediate oligodendro-
cyte survival (Decker and ffrench-Constant, 2004). The Fyn ty-
rosine kinase is a key effector of oligodendrocyte differentiation
and myelination because Fyn-deficient animals are hypomyeli-
nated (Umemori et al., 1994; Sperber et al., 2001) and their oli-
godendrocytes display defective branching and membrane
formation (Osterhout et al., 1999). Moreover, Fyn activity regu-
lates expression and alternative splicing of MBP, involving the
RNA-binding molecule quaking I (Lu et al., 2005). The quaking/
STAR family (Lukong and Richard, 2003) also includes Sam68
that functions as a signaling transducer for Fyn-mediated migra-
tion in fibroblasts (Huot et al., 2009) and as a phosphorylation-
dependent splicing regulator for Bcl-X and CD44 in different cell
lines (Matter et al., 2002; Paronetto et al., 2007). As yet, Sam68
has not been implicated in oligodendrocyte development but
is specifically downregulated by Tnc in neural stem cells
(Moritz et al., 2008) and hence represents a plausible Tnc
target in oligodendrocytes.
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In the present study, we have therefore analyzed these signal-
ing pathway(s) to determine howTnc reducesMBP expression in
oligodendrocytes.We show that the effect of Tnc onMBP expres-
sion requires Cntn1- as well as Tnc-dependent interference with
Fyn and Akt activation. Moreover, we show that the signaling
adaptor and RNA-bindingmolecule Sam68 is expressed in oligo-
dendrocytes and downregulated in response to Tnc and other
inhibitors of differentiation. Knockdown of Sam68 delayedMBP
expression, whereas Sam68 overexpression favored differentia-
tion.We propose, therefore, that Tnc regulates these pathways to
control oligodendrocyte differentiation.
Materials andMethods
Animals. Tnc mutant mice were previously generated (Forsberg et al.,
1996). Animals were bred in a SV129 background and used for the in vivo
analysis of oligodendrocyte differentiation. Wild-type (WT) and knock-
out littermates of both sexes fromheterozygote crosses were identified by
PCR as described previously (Talts et al., 1999). For cell culture experi-
ments, we used CD rat pups that were obtained from the Charles River
Laboratories.
Antibodies and other reagents.We used the following mouse monoclo-
nal antibodies: O4 (Sommer and Schachner, 1981); MBP (Sigma; DM1A
against -tubulin (Sigma); Cntn1 (BD Bioscience); and Fyn, ErbB4, fi-
broblast growth factor (FGF) receptor 2, and Sam68 (all Santa Cruz
Biotechnology). The following rabbit polyclonal antibodies were used:
KAF14 against Tnc (Faissner and Kruse, 1990); neural CAM (NCAM)
(Keilhauer et al., 1985); Cntn1 (Rigato et al., 2002); epidermal growth
factor receptor (EGFR), Fyn, platelet-derived growth factor (PDGF) re-
ceptor, and Sam68 (all SantaCruz Biotechnology); phospho-Src family
kinase-Y418 and Y529 (both Biosource/Invitrogen); pErk1/2, pAkt-
Ser473, pAktThr308, panAkt (against all three Akt isoforms) (all Cell
Signaling Technology). The polyclonal antibodies against laminin and
fibronectin were generated by immunization of rabbits with Engelbreth-
Holm-Swarm sarcoma-purified laminin and human fibronectin, respec-
tively (data not shown). We noticed that the mouse anti-Sam68 antibody
consistently yielded a double band inWestern blots, whereas the rabbit anti-
Sam68 revealed only one band. At present, we do not know whether the
second band represents an isoform (as predicted from the bioinformatic
database ensemble), aposttranslationalmodification (e.g., phosphorylation), or
simply a contaminating cross-reactivity to anunrelated gene product.
For immunological detection methods, all biotinylated, CY2-, CY3-,
andhorseradish peroxidase-coupled secondary antibodieswere obtained
from Dianova, alkaline phosphatase-coupled antibodies from Roche,
and Alexa Fluor 350 from Invitrogen. We obtained laminin-1 from In-
vitrogen and human fibronectin from TEBU. Human recombinant
PDGF-AA, FGF-2, and the active domain of NRG-1 and EGF are from
PeproTech. Insulin was from Sigma. We used small interfering RNA
(siRNA) duplexes against rat Cntn1 and nontarget control RNA as pub-
lished (Laursen et al., 2009). The siRNA duplexes against rat Sam68 were
obtained from Invitrogen and composed of the following nucleotides:
5-GAAGAUUCUUGGACCACAAtt-3 (sense), 5-UUGUGGUCCAA-
GAAUCUUCcc-3 (antisense). The Sam68 full-length plasmid was a kind
gift fromDr.H.Ko¨nig, ForschungszentrumKarlsruhe, Karlsruhe,Germany
(Matter et al., 2002). LY294002 was obtained from Cell Signaling Technol-
ogy, PP2 was fromCalbiochem/Merck, and wortmannin was fromBiomol.
Cell culture. OPCs were harvested by the “shake-off” method of Mc-
Carthy and deVellis (1980) from rat cortical cultures with modifications
as described (Milner and ffrench-Constant, 1994). For immunocyto-
chemical staining, purified OPCs were plated on 12 mm glass coverslips
coated with 10 g/ml poly-ornithine (P-Orn) (Sigma) followed by coat-
ingwith different ECMmolecules at 10g/ml each for at least 1 h at 37°C.
OPCs were cultured in DMEM containing 1%N2-supplement, 1% pen-
icillin/streptomycin (all from Invitrogen) and 100 g/ml BSA V (Appli-
Chem) at 37°C, 7.5% CO2. For immunoblotting, OPCs were cultured in
six-well (Greiner Bio-One) or 10 cm (Nunc) dishes coated as above.
When high cell quantities were needed, OPCs where expanded in the
presence of 10 ng/ml PDGF-AA and FGF-2 for up to 3 d before induction
of differentiation. Differentiation was induced by growth-factor with-
drawal and the addition of 400 ng/ml tri-iodothyronin (T3; Sigma) and
1% FCS (Invitrogen). LY294002, PP2, and wortmannin were added at
time points and concentrations as indicated in the figures. If not speci-
fied, 5 M LY294002 and 2 M PP2 were used.
Immunocytochemistry. Immunocytochemical stainings were per-
formed as previously described (von Holst et al., 2006; Czopka et al.,
2009a).
Immunoprecipitation. For immunoprecipitation of Fyn, we used
2–3 106 OPCs per experimental condition. The cells were treated with
PBS, Tnc, or laminin-2 (Invitrogen) for 2 h by adding it into the culture
medium, or by exposure to P-Orn or Tnc-coated culture dishes for 2 d
(for the densitometry). The cells were lysed in modified RIPA buffer (50
mMTris pH7.4, 150mMNaCl, 1%NP-40, 0.25%Na-deoxycholate, 1mM
EDTA, 1 mM Na3VO4, 1 mM NaF) and collected with a cell scraper. The
lysates were cleared by centrifugation for 10 min at 10,000 g. Fyn was
immunoprecipitated from the cleared lysate with 1 g mouse anti-Fyn
antibody and 20 l Protein A/G Agarose (50% slurry) (Santa Cruz Bio-
technology) for 4 h at 4°C on a rotating wheel. The precipitate was
washed twice with modified RIPA buffer by centrifugation for 5 min at
500 g. Finally, the pellet was boiled at 95°C and subsequently processed
for SDS-PAGE analysis.
Immunoblotting. Cell lysates were subjected to SDS-PAGE and subse-
quently blotted to polyvinylidene fluoride membranes (Roth). The
membraneswere blockedwith 5% low-fatmilk powder (local food store)
in TBST for 1 h at room temperature (RT), followed by the incubation
with primary antibodies in blocking solution overnight at 4°C. After
incubation with the appropriate horseradish peroxidase-conjugated sec-
ondary antibodies for 1 h at RT, signals were detected by enhanced che-
moluminescence (Pierce).
Tissue preparation and in situ hybridization. Brains were fixed over-
night at 4°C with 4% paraformaldehyde and subsequently cryoprotected
in 30% DEPC-treated sucrose for an additional 24 h at 4°C. The tissue
was embedded in tissue-freezing medium (Jung) and frozen on dry ice.
Sectioning was performed on a cryostat (Leica). In situ hybridizations
were performed following a published protocol (Pringle et al., 1996) on
16 m frontal cryosections. The RNA probes were produced with the
FITC-RNA labeling kit according to the manufacturers instructions
(Roche); Mbp (nuecleotides 719–1696 in the reference sequence
NM_001025259, covering all isoforms) and Sox10 (nuecleotides 541–
1620 in the reference sequence XM_985075).
RNA isolation, cDNA synthesis, and amplification. Total RNA was iso-
lated from 3  105 oligodendrocytes per experimental condition with
the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instruc-
tions. cDNA was transcribed with the first-strand cDNA synthesis kit
(MBI; Fermentas) according to themanufacturers instructions. For PCR
amplifications, the following primers were used: Mbp_3UTR_for:
5-GGACTGCAGGAGTTCTCTGG-3, Mbp_3UTR_rev: 5- GTGC-
CAGTGTGGGTCTCTTT-3; Cntn1_for: 5-AGAACCCATGCCT-
ACCACAG-3, Cntn1_rev: 5-AAACTTGGGTTTTGGTGCAG-3;
Cntn2_for: 5-GATTAAGCAGATGGTCCTTTGG-3, Cntn2_rev:
5-GAAGGGAAGAGAGTAGCGTTCA-3; -Actin_for: 5-TATGC-
CAACACAGTGCTGTCTGGTGG-3, -Actin_rev: 5-AGAAGCA-
CTTGCGGTGCACGATGG-3. Primers for the amplification of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were from
MBI Fermentas and included in the cDNA synthesis kit.
Sucrose density gradient centrifugation. Lipid rafts were isolated from
3 106 oligodendrocytes as described (Kramer et al., 1999).
Transfection of primary oligodendrocytes. The cultivation protocols for
transfections of primary rat OPCs with individual siRNA and/or plasmid
DNA are depicted schematically in the respective figures. In general,
freshly isolated OPCs were expanded in PDGF- and FGF-2-containing
medium for 2 d. Then, the cells were removed from the culture dishes by
brief trypsination with 0.25% Trypsin/EDTA (Invitrogen) at 37°C. The
trypsin activity was stopped through addition of an equal volume of
Ovomucoid [1 mg/ml soybean trypsin inhibitor (Sigma), 50g/ml BSA,
and 40 g/ml DNaseI (Worthington) in L-15 medium (Sigma)]. OPCs
were collected by centrifugation for 5 min at 200  g. For each experi-
mental condition, 4–5 106 cells were transfected with the Amaxa Rat
Oligodendrocyte Nucleofection Kit (Lonza) according to the manufac-
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turer’s instructions. For the knockdown exper-
iments, 200 pmol siRNA duplexes against
Cntn1, Sam68, or control RNA were cotrans-
fected with 0.5 g pMaxGFP (Lonza) or
pCX-myrVenus (Rhee et al., 2006) using elec-
troporation program O-17. This represents a
1:5 ratio of green fluorescent protein (GFP)
DNA to siRNA (ing). For overexpression ex-
periments, we used 0.5 g of pcDNA3.1
(Invitrogen) containing full-length Sam68
(Matter et al., 2002).
Isolation of Tnc. Tnc protein was isolated by
immunoaffinity chromatography as described
previously (Faissner and Kruse, 1990; Czopka
et al., 2009b).
Documentation and data analysis. Immuno-
blots were scanned, and the mean optical den-
sity of the bands was measured using the
ImageJ software (http://rsb.info.nih.gov/ij/).
Photomicrographs of immunocytochemical
stainings were taken on an Axioplan2 micro-
scope with the Plan-NEOFLUAR objectives
2.5/0.075, 10/0.30, 20/0.50, 40/0.75 or
63/1.4 Oil (all Zeiss). Digital photomicro-
graphs were captured with the AxioCam HRc
camera and the AxioVision 4.5 software (both
Zeiss). For quantifications of immunoposi-
tive cells, a minimum of 200 Hoechst-positive
nuclei or 50 transfected cells were counted in at
least three independent experiments for each
antibody and condition. Successfully trans-
fected cells were identified either by GFP stain
or the clear overrepresentation of the respec-
tive gene product. For the densitometric anal-
ysis of Sam68 expression levels in cultured
oligodendrocytes, photomicrographs (1300 
1030 pixels) of Sam68 stainings were taken
with the 40 objective. For the analysis of the
Sam68 signal, we plotted circles (26  26 pix-
els) over the nuclear Sam68 signals and mea-
sured their mean optical density with ImageJ
software. For the quantification of in situ hy-
bridizations, Sox10- or Mbp-reactive somata
that were detectable in the cortical gray matter
between corpus callosum and pial surface were
counted. At least three tissue slices were analyzed per individual animal.
All data are expressed as themean SDor SEM, as indicated in the figure
legends. Statistical significance was assessed using the two-tailed Stu-
dent’s t test, and the p values are given as *p  0.05, **p  0.01, and
***p 0.001 in the figures and/or legends.
Results
Tnc inhibits oligodendrocyte differentiation in culture, and
Tnc-deficient mice show altered oligodendrocyte maturation
Previous studies examining Tnc, laminins, and hyaluronan have
demonstrated the importance of the ECM for proper oligoden-
drocyte development and function (Garcion et al., 2001; Colo-
gnato et al., 2002; Back et al., 2005). To investigate the impact of
Tnc on oligodendrocytes using a convenient cell culture assay,
culture dishes were coatedwith poly-ornithine alone or in a com-
bination with 10 g/ml fibronectin, laminin-1, or Tnc. Subse-
quently, rat OPCs were plated and allowed to differentiate on
these substrates (Fig. 1). Under all experimental conditions, none
of the substrates significantly affected the fraction of the total cell
population that were O4-positive immature or mature oligoden-
drocytes (Fig. 1A,B). However, the proportion of terminally dif-
ferentiated MBP-positive oligodendrocytes was reduced nearly
twofold on Tnc (19.9% 5.7 on P-Orn vs 11.8% 4.1 on Tnc;
p  0.03; n  5 Fig. 1A,C). The other substrates tested had no
effect on the proportion of MBP-positive cells. All MBP-
expressing cells still coexpressed O4 (Fig. 1A), indicating that
oligodendrocytes are maintained in an immature O4-positive/
MBP-negative stage. The Tnc-induced repression in MBP ex-
pressionwas dose dependent, as when increasing amounts of Tnc
were used for coating a progressive diminution of MBP expres-
sion occurred (Fig. 1D). This was also reflected at the mRNA
level, as RT-PCR analysis amplified less Mbp mRNA when the
cells were cultured on a Tnc-coated dish (Fig. 1E).
As Tnc strongly repressed MBP expression in culture, one
would predict effects of Tnc ablation in vivo. To test this, oligo-
dendrocytematuration in the forebrains of Tncmutantmice was
analyzed and compared with wild-type littermates. Tnc expres-
sion is most prominent before myelination starts (supplemental
Fig. 1C, available at www.jneurosci.org as supplemental mate-
rial), so we focused on these early stages. In situ hybridization
revealed that at postnatal day 10 (P10), the onset of oligodendro-
cyte differentiation andmyelination in the forebrain, moreMbp-
expressing cells were detectable in the graymatter of Tncmutants
compared with controls (Fig. 2). The in situ hybridizations con-
Figure 1. Tnc substrates inhibit MBP expression in cultured rat oligodendrocytes. A, Oligodendrocytes cultivated on P-Orn or
various ECMsubstrates and labeledby immunocytochemistry forO4andMBPare shown.Nuclei aremarked inblue (Hoechst stain).
B, The fraction of O4-positive immature oligodendrocyteswas unaffected by the substrate conditions, including Tnc (n 5). Data
are expressed asmean SD. C, The fraction ofMBP-positivemature oligodendrocytes is reduced on Tnc, but not on laminin (Ln1)
or Fibronectin (Fn) (* p 0.05, n 5). Data are expressed asmean SD.D, Immunoblots for MBP of oligodendrocytes cultured
on increasing amounts of Tnc substrate reveal a dose-dependent reduction in MBP expression. Tubulin served as loading control
(-Tub). E, RT-PCR analysis of RNA extracts showing that Mbp mRNA levels were selectively reduced after cultivation on a Tnc
substrate. Scale bar, 100m.
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sistently developed strongerMbp signals in the Tnc-deficient tis-
sue (Fig. 2B), and we detected more Mbp-positive cells in the
cortical gray matter dorsal of the corpus callosum (Fig. 2C). In-
creased numbers were confirmed by quantifying the Mbp-
expressing cells in the cortical gray matter between corpus
callosum and pial surface. Here, significantly more cells were
labeled in the Tnc-deficient tissue using the Mbp riboprobe
(110 13 cells/slide in WT vs 160 24 cells/slide in KO; p
0.03; n  4) (Fig. 2D).
Our earlier reports had shown that themigration rate ofOPCs
is elevated in Tnc/ optic nerves (Garcion et al., 2001). To rule
out the possibility that augmentedMbp expression in the cortex is
a result of increased OPC migration rather than of premature
differentiation, we additionally quantified the number of cells
expressing Sox10, a transcription factor also expressed at earlier
stages of oligodendrocyte development (Stolt et al., 2002). Any
increased OPC migration into the cortex would be expected to
result in increased numbers of Sox10-expressing cells. However,
no significant differences between WT and Tnc-deficient tissue
were detectable (278  51 cells/slide in WT vs 328  70 in KO;
not significant; n 4) (Fig. 2D). This indicates that OPC differ-
entiation is accelerated in Tncmutantmice. However, this differ-
ence was transient, as Mbp expression appeared comparable in
wild-type and mutants at later stages of forebrain development
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). This could be explained by the developmental
disappearance of endogenous Tnc expression during the second
postnatal week of mouse forebrain development (Czopka et al.,
2009b).
Tnc signaling is independent of PDGF but involves reduced
phosphorylation of Akt
Previous studies on the role of the ECM in oligodendrocyte be-
havior have revealed that the ECMmolecule vitronectin activates
v3 integrins and so sensitizes cultured
OPCs to physiological amounts of the
growth factor PDGF (Baron et al., 2002).
This means that, in the presence of appro-
priate ECM, low amounts of endogenous
growth factors might be sufficient to keep
OPCs in an immature, MBP-negative
state. To test whether the effect of the Tnc
substrate on MBP expression can be ex-
plained by modified sensitivity to growth
factors, OPCs were cultivated on Tnc or
control substrates and simultaneously ex-
posed to different concentrations of
PDGF. Immunocytochemical staining for
MBP showed that the number of MBP-
positive oligodendrocytes on P-Orn was
the same at PDGF concentrations of 0–1
ng/ml (Fig. 3A–C) and that, regardless of
PDGF concentration used, the number of
MBP-expressing cells was always lower on
the Tnc substrate. This indicates that Tnc
does not amplify the response to low
amounts of PDGF, because were this the
case at high PDGF concentrations the
numbers of MBP-positive cells would be
the samewith orwithout Tnc (Fig. 3A–C).
As another way to confirm that the Tnc
effect is independent of PDGF, low-dose
growth factor treatment (i.e., 1 ng/ml)
was used to investigatewhether PDGF treatment or Tnc exposure
affected the phosphorylation profile of downstream signaling
molecules in a comparable way. Immunoblotting for the phos-
phorylation of Erk1/2 and Akt, two major signaling effectors
downstream of receptor tyrosine kinases, showed distinct differ-
ences when comparing treatment with Tnc and with PDGF (Fig.
3D), and Tnc exposure weakened the phosphorylation of Akt
whether or not PDGF was added (Fig. 3D). This attenuation
proved statistically significant when phospho-Akt blots were
measured densitometrically ( p  0.04; n  4). Similarly, after
treatment with low doses of neuregulin or EGF instead of PDGF,
and also after only short-term application of different growth
factors, phospho-Akt was consistently reduced in the presence of
Tnc (supplemental Fig. 2, available at www.jneurosci.org as sup-
plemental material). Therefore, we conclude that the Tnc-
mediated reduction of MBP expression is independent of the
growth factor conditions, but is associated withmitigation of Akt
activity.
Akt is an important intermediate in the PI3K signaling path-
way, which plays a crucial role in cell survival (Flores et al., 2000;
Hutchinson et al., 2001) andmyelination (Flores et al., 2008). For
this reason, a potential influence of the Tnc substrate on oligo-
dendrocyte survival was investigated. Immunocytochemical
staining for activated caspase-3 showed only low levels of apopto-
sis in all conditions. These were not significantly increased when
the cells were grown on substrates coated with 5 or 10g/ml Tnc
(2.5% 1.5 on P-Orn; 7.0 11.1 at 5g/ml Tnc, p 0.5; 5.0
3.2 at 10 g/ml Tnc, p 0.2; n 4) (Fig. 3E).
To elucidate whether this change in phosphorylation of Akt
might be functionally involved in the differentiation of oligoden-
drocytes, we perturbed PI3K signaling (the upstream regulator of
Akt) using the pharmacological inhibitors wortmannin or
LY294002. As these two components have different half-life times
in water (not shown), they were applied at different intervals to
ce
lls
 / 
fie
ld
100
200
300
400
500
Sox10 Mbp
n.s.
Figure 2. AcceleratedMbp expression in forebrains of Tnc mutant mice. A, Schematic drawing of the forebrain region studied. The
analysiswasconfinedtotheboxedcorticalregiononfrontalsections(lowerdrawing)thatcontainedtheanteriorcommissureasalandmark.
B, C, Photomicrographs of in situ hybridizations forMbp in P10wild-type and knock-out littermates are shown. The pictures show stronger
reactivity for Mbp in the Tnc-deficient brain. D, The quantification of cells that express Mbp or Sox10 in the dorsal cortex
between corpus callosumand pial surface shows that the fraction ofMbp-positive cells is significantly higher in the Tnc knock-outs
( *p 0.03; n 5). The quantification of Sox10-positive cells did not show a significant increase ( p 0.6; n 4). Data in are
expressed asmean SEM. Scale bars, 200m.Ctx, Cortex; CPu, caudate–putamen; ac, anterior commissure; n.s., not significant.
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the cultures to ensure constant perturba-
tion of PI3K activity (Fig. 4A). Triple im-
munostaining for PDGFR, O4, and
MBP showed that exposure to 5 M
LY294002 reduced the fraction of termi-
nally differentiated MBP-expressing cells
(20.9  7.9% control vs 8.9  0.9%
LY294002, n  3), but not that of O4-
positive immature oligodendrocytes
(56.3  8.9% control vs 71.1  6.6%
LY294002, n  3) and PDGFR-
expressing precursors (22.6 10.5% con-
trol vs 19.9 6.8%LY294002, n 3) (Fig.
4B,C). The LY294002-induced reduction
inMBP expression was statistically signif-
icant and dose dependent (27.7  6.9%
control; 7.4  3.1% at 5 M LY294002,
p 0.001; 1.3 2.5% at 10MLY294002,
p 0.001; n 4) (Fig. 4D), and is clearly
seen by immunoblotting (Fig. 4E). Wort-
mannin was used as an independent in-
hibitor of PI3K signaling and confirmed
the observations obtained with LY294002
(Fig. 4F). To rule out that the reduction in
MBP expression wasmainly a result of the
death of differentiated cells, we assessed
the number of apoptotic cells by activated
caspase-3 staining. Here, a significantly
increased number of dying cells was only
seen when the concentration of LY294002
was 10M (2.5 1.5% in DMSO control;
5.1  4.9% at 5 M LY294002, p  0.35;
11.4 8.8% at 10MLY294002, p 0.09;
n  4) (Fig. 4G,H). At concentrations of
20 M, LY294002 proved highly apopto-
tic (data not shown). However, in both
control and 5 M LY294002 condition,
the majority of activated caspase-3 ex-
pressing cells were O4-positive imma-
ture oligodendrocytes (82.7  12.1% in
DMSO control; 83.6  8.0% at 5 M
LY294002; n  3) (Fig. 4 I) and not the
MBP-positive population (3.8  3.3% in
DMSO control; 4.8  5.7% at 5 M
LY294002; n  3) (Fig. 4 I). This shows that the reduction in
MBP expression is not a result of selective cell death in the
terminally differentiated cell fraction. Together, these results
therefore support the conclusion that Tnc-mediated inhibition of
MBP expression involves a reduced phosphorylation of Akt that
inhibits oligodendrocyte differentiation, so extending recent
findings demonstrating the importance of the PI3K/Akt/mTOR
pathway for oligodendrocyte differentiation (Narayanan et al.,
2009; Tyler et al., 2009).
Tnc associates with lipid rafts and forms a functional
signaling complex with Cntn1 and Fyn
Cntn1 is one of the cell surface receptors for Tnc (Falk et al., 2002;
Rigato et al., 2002) and regulates oligodendrocyte maturation
(Hu et al., 2003; White et al., 2008; Laursen et al., 2009). The
interaction between Tnc and Cntn1 has been studied in several
experimental systems including coprecipitation from brain ex-
tracts (Rigato et al., 2002), aggregation assays in cell lines (Za-
charias et al., 1999), and cell-free aggregation assays (Rigato et al.,
2002). In the present study, we were also able to document that
Tnc protein coprecipitated frommixed glial cultures after immu-
noprecipitation with a Cntn1-specific antibody, but not when an
nonspecific mouse IgGwas used (Fig. 5A). This indicates that the
interaction between Tnc and Cntn1 is not limited to neurons.
Hence, Cntn1 seemed a promising candidate to mediate Tnc sig-
naling inOPCdifferentiation. To test this, Cntn1 siRNAduplexes
were introduced into primary OPCs by nucleofection (Fig. 5B).
This resulted in a substantial knockdown of the Cntn1 protein
and its mRNA, whereas related adhesion molecules of the Ig su-
perfamily such as Cntn2 (TAG-1) and NCAM were not affected
(Fig. 5C,D). To test whether Cntn1 is involved in the
Tnc-mediated repression of oligodendrocyte differentiation,
transfected cells were cultured either on aP-OrnorTnc substrate.
Successfully transfected OPCs were identified by cotransfection
with a GFP-coding plasmid. The transfection efficiency with a
GFP-coding plasmid was40% (supplemental Fig. 7A, available
at www.jneurosci.org as supplemental material). Given that
siRNA was transfected in molar excess and would be expected to
Figure 3. Tnc does not amplify the response to PDGF but reduces phosphorylation of Akt.A, Immunocytochemical stainings for
PDGFR andMBP in oligodendrocytes cultured on P-Orn or Tnc substrates in the presence of different PDGF concentrations. Note
that increased numbers of PDGFR-positive OPCs are only observable when PDGF was present at 10 ng/ml, regardless of the
culture substrate. B, Quantification of MBP-expressing cells using the methods described in A. PDGF only reduced the number of
MBP-expressing cells at 10 ng/ml, but not at lower concentrations on P-Orn. On Tnc,MBP-expressing cells are less numerous in the
absence of PDGF, and PDGF did not further reduceMBP expression arguing against any amplification effect between Tnc and PDGF
on differentiation signaling. C, Immunoblotting of cultures grown on P-Orn or Tnc in the presence or absence of 1 ng/ml PDGF
shows that the addition of PDGF has no effect on the Tnc-mediated inhibition ofMBP expression.D, Immunoblotting for phospho-
Erk1/2 and phospho-Akt in cultures treated as indicated shows that Tnc reduced the phosphorylation of Akt independently of the
presence or absence of PDGF. In contrast, phospho-Erk1/2 remained unaffected by Tnc. E, Quantification of caspase-3-expressing
cells shows that cultivation on a Tnc substrate does not significantly increase cell death ( p 0.5 at 5g/ml Tnc, p 0.2 at 10
g/ml Tnc; n 4). Data are expressed as mean SD. Scale bar, 200m; n.s., Not significant.
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enter cells more easily due its comparably small size, we assumed
that each GFP-expressing cell was also cotransfected with siRNA.
When the RNA control sequence was introduced, many GFP-
positive cells on the Tnc substrate did not coexpress MBP (Fig.
5E). In contrast, most GFP-positive cells on the Tnc substrate
coexpressed MBP when the Cntn1 siRNA knockdown sequence
was cotransfected (Fig. 5E). Quantification showed that the Tnc-
mediated reduction inMBP expressionwas apparent upon trans-
fection with a scrambled control sequence (69.6 6.4 on P-Orn
vs 46.2 13.9 on Tnc, p 0.02, n 4) (Fig. 5F) but was reversed
by the knockdown of Cntn1 so that almost similar numbers of
MBP-expressing cells developed on the P-Orn and Tnc substrate
(85.7 5.7 on P-Orn vs 82.9 6.8 on Tnc, p 0.5, n 4) (Fig.
5F). We thus conclude that the cell surface adhesion protein
Cntn1 is necessary to mediate Tnc-dependent repression of oli-
godendrocyte differentiation.
Molecules that actively participate in signaling often associate
in lipid rafts, which are characterized by their detergent insolu-
bility at 4°C (for review, see Gielen et al., 2006)). By virtue of its
glycosylphosphatidylinositol (GPI) link to the plasma mem-
brane, Cntn1 is almost exclusively confined to lipid rafts. Because
Cntn1 was required for effective Tnc signaling as shown above,
we reasoned that other transducers of Tnc signaling may also
associate with the raft. To further investigate this, lipid rafts were
isolated from cultured oligodendrocytes by sucrose density gra-
dient ultracentrifugation. The low sucrose raft fraction was
Figure 4. Impaired PI3K signaling reduces MBP expression in oligodendrocytes. A, Oligodendrocytes were cultured for two d in the presence or absence of the PI3K inhibitors wortmannin or
LY294002 as indicated. B, Representative photomicrographs of control- and LY294002-treated oligodendrocyte cultures triple stained for PDGFR, O4, and MBP. C, The pie chart shows that
LY294002 treatment reduces theMBP-positive but not the O4- or PDGFR-expressing cell fraction (n 3).D, The diagram reveals the significant reduction ofMBP-expressing cells after treatment
with 5 and 10M LY294002 (***p 0.001; n 4). E, Immunoblotting confirms reducedMBP expression resulting from LY294002 treatment. Note that levels of phosphorylated Aktwere reduced
but not completely suppressed. Total Akt serves as a loading control. F, Immunoblotting shows that wortmannin treatment similarly reduces MBP in a dose-dependent fashion. G, H, Caspase-3
staining and subsequent quantification reveals that LY294002 increased thenumber of apoptotic cells in a dose-dependent fashion ( p0.3 at 5M;p0.09 at 10M;n4). Data are expressed
asmeanSD. I, Thequantification shows that caspase-3-expressing cells arepresent inequal proportions in theO4-andMBP-expressing cell fraction in control andLY294002-treated cultures (n
3). Data are expressed as mean SD. Scale bars, 150m.
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traced by the accumulation of the GPI-anchored molecules
Cntn1 and the 120 kDa isoform of NCAM, and its composition
was comparedwith the high sucrose non-raft fraction (Fig. 5G,H;
supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material). As reported earlier (Kappler et al., 2002),
Tnc was prominently, although not exclusively, detectable in the
raft fraction (Fig. 5H; supplemental Fig. 3, available at www.
jneurosci.org as supplemental material). The Src kinase Fyn, an
established signaling partner of Cntn1 localized to the cytosolic
side of the plasma membrane and involved in oligodendrocyte
differentiation (Kramer et al., 1999; Osterhout et al., 1999; Colo-
gnato et al., 2004), was also present in the raft fraction (Fig. 5H;
supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material). In contrast to these molecules, many other cell
surface receptors and intracellular signaling partners did not
show raft accumulation, including Akt (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material).
In keeping with the concentration of a signaling complex
within membrane subdomains, a punctate distribution of Tnc
across the plasma membrane was observed by immunostaining
Cntn2
Cntn1
β-actin
Figure 5. Tnc-mediated inhibition of MBP expression depends on Cntn1 and bothmolecules are present in lipid rafts. A, Western blotting for Tnc shows that Tnc coprecipitates when Cntn1was
immunoprecipitated frommixedglial cultures. This is not the casewhen anonspecificmouse IgGwas used.B, Schematic drawing of the cultivation protocol for OPC transfectionwith siRNAduplexes
against Cntn1. “PDGFFGF-2” refers to theOPCexpansionphase, “T31%FCS”meansdifferentiating culture conditions.C, Immunoblotting confirms successful knockdownof Cntn1proteinwhile
NCAM is not affected. Tubulin served as loading control (-Tub).D, PCR analysis after Cntn1 knockdown reveals a reduction of Cntn1, but not Cntn2mRNA levels. Actin served as loading control. E,
F, Photomicrographs of OPCs that were cultivated on P-Orn or Tnc substrates after cotransfection with GFP and siRNAs and immunostained for MBP. The quantification displays the proportion of
transfected (GFP-positive) cells that coexpressedMBP on control P-Orn or Tnc substrates. The number of MBP-expressing GFP-positive cells is significantly reduced on Tnc after control transfection.
This was abolished after Cntn1 knockdown (n 4, *p 0.05). n.s., Not significant. Data are expressed as mean SD. G, Immunoblotting for NCAM and Cntn1 after sucrose density gradient
ultracentrifugation. The 140 and 180 kDa forms of NCAM containing fractions 1–3 were designated to be the “nonraft” fraction, whereas fractions 7–9 were selected as “raft” fraction due to the
accumulation of Cntn1 and the 120 kDa NCAM isoform. H, The silver-stained SDS gel shows that the raft fraction contains considerably less protein than the nonraft fraction. Nevertheless,
immunoblotting reveals that Tnc is prominently detectable in the raft fraction, together with NCAM 120, Cntn1, and Fyn but not the PDGFR. Scale bar, 100m.
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for Tnc in OPCs (Fig. 6A). This was also true when oligodendro-
cytes were cocultured with astrocytes that provide a physiological
source for Tnc-containing neural ECM. Double-labeling experi-
ments for Tnc and the Fyn kinase showed both to be present in a
punctate staining pattern along the oligodendrocyte processes
(Fig. 6B). Eighty-two of 365 Fyn-positive puncta on 18 individual
cells where also immunoreactive for Tnc, showing that bothmol-
ecules partially colocalized, which is consistent with the presence
of a signaling complex within membrane subdomains.
To investigate how Tnc signaling might control the activity of
Fyn, we examined phosphorylation at the regulatory residue ty-
rosine 531 (Y531) of the rat Fyn kinase that negatively regulates
its kinase activity. In a first set of experiments, we stimulated
oligodendrocytes with different ECMmolecules that were added
to the culture medium for 2 h. When Fyn was then immunopre-
cipitated and probed for phosphorylated Y531 (which was de-
tectedwith an anti SFK-phospho-Y529 antibody), the addition of
Tnc was found to increase phosphorylation compared with PBS-
treated cells (Fig. 6C). In contrast to Tnc, exposure to laminin-2
(which favors differentiation) reduced phospho-Y529 levels (Fig.
6C), as previously reported (Colognato et al., 2004). Next, we
measured the degree of Fyn phosphorylation for cells grown on
P-Orn or Tnc substrates, and showed a statistically significant
increase in phospho-Y529 levels on Tnc (Fig. 6D) ( p  0.021,
n  3). We also observed that phosphorylation of the catalytic
tyrosine Y420 of rat Fyn (which was detected with anti SFK-
phospho-Y418 antibody) was not significantly altered by Tnc
treatment (Fig. 6D,E) ( p 0.45; n 5). LY294002, which also
inhibits differentiation, affected neither phospho-Y418 nor-Y529
levels (Fig. 6E; supplemental Fig. 4A,B, available at www.
jneurosci.org as supplemental material). This argues for a direct
effect of Tnc on Fyn. It also argues that PI3K-mediated signaling
represents a pathway either separate from or downstream of Fyn,
with the latter interpretation supported by the observation that
the SFK inhibitor PP2 blocks both Src/Fyn and Akt activation
(supplemental Fig. 4C, available at www.jneurosci.org as supple-
mental material). Importantly, we could no longer detect in-
creased phospho-Y529 levels in response to Tnc after Cntn1
knockdown (Fig. 6F), indicating that the signaling from Tnc to
Fyn depends on Cntn1.
Sam68 is expressed in oligodendrocytes and regulates MBP
expression in a Tnc-dependent manner
In an independent induction gene-trap approach, we have previ-
ously searched for Tnc-regulated target genes in neural stem/
progenitor cells to obtain new insights as to how Tnc
mechanistically affects cellular behavior. In this screen, the sig-
naling adapter and RNA-binding molecule Sam68 emerged as a
gene that is repressed in response to Tnc (Moritz et al., 2008).
Sam68 is related to quaking proteins, which are potent regulators
of myelin gene translation (Larocque and Richard, 2005). More-
over, Sam68 acts downstream of Fyn (Lang et al., 1999) and has
also been described as initiator of PI3K signaling (Sanchez-
Margalet and Najib, 1999), both of which are involved in Tnc-
mediated inhibition ofMBP expression, as we have shown above.
We therefore investigated whether Sam68 might be involved in
the Tnc-dependent regulation of MBP expression. First, the ex-
pression of Sam68 was analyzed in the oligodendrocyte lineage.
Double-immunocytochemistry revealed that Sam68 was detect-
able in A2B5-expressing OPCs, O4-positive immature oligoden-
drocytes as well as in terminally differentiated MBP-expressing
oligodendrocytes (supplemental Fig. 5A, available at www.
jneurosci.org as supplemental material). Sam68 was prominent
in the cell nuclei and also in the processes of oligodendrocytes
(Fig. 7A). This cytosolic localization of Sam68 has previously
been reported in other cells (Grange et al., 2004; Huot et al.,
2009). The expression of Sam68 within all stages of oligodendro-
cyte development was confirmed by immunoblotting, which also
Figure 6. Tnc reduces Fyn activity in a Cntn1-dependent manner. A, Immunostaining for Tnc on OPCs results in a punctate pattern across the membrane. B, Immunostaining of Fyn-expressing
oligodendrocytes onGFAP-positive, Tnc-expressing astrocytes shows that Tnc and Fyn partially colocalize in oligodendrocyte processes (right). C, Immunoprecipitation of Fyn fromoligodendrocytes
exposed to PBS or Tnc for 2 h and subsequent blotted for the phosphorylated Y529 residue yielded increased signals when the cells were exposed to Tnc. Note that phosphorylated Y529 is reduced
by laminin-2. D, Densitometry of phospho-Y529 levels confirms a twofold increase on Tnc ( p 0.02; n 3), whereas phospho-Y418 is not altered ( p 0.45; n 5). The data are expressed as
mean SD. E, Immunoprecipitation of Fyn fromoligodendrocytes shows that LY294002 treatment does not change the phosphorylated Y529 levels. Also note that phosphorylation of the catalytic
Y418 is unaltered by LY294002 or Tnc. F, Immunoprecipitation of Fyn demonstrates that the Tnc-induced increase in phospho-Y529 is abolished upon knockdown of Cntn1. Scale bars:
A, 25m; B, 50m.
Czopka et al. • Tenascin C Signaling in Oligodendrocytes J. Neurosci., September 15, 2010 • 30(37):12310–12322 • 12317
showed that total Sam68 levels increasewith
differentiation (Fig. 7B). The densitometric
analysis of Sam68 immunoreactivity re-
vealed that MBP-positive oligodendrocytes
show50% higher Sam68 expression rates
than A2B5-expressing OPCs (1.0  0.1 in
A2B5-positive cells vs 1.5  0.4 in MBP-
positive; p  0.02, n  5). In contrast to
this, when oligodendrocytes were exposed
to purified Tnc, a consistent reduction of
Sam68 protein level was observed when
compared with untreated cells (Fig. 7C).
In this regard, the oligodendrocytes be-
haved similarly to neural stem cells
(Moritz et al., 2008). Other inhibitors of
MBP expression such as the SFK inhibitor
PP2 (supplemental Fig. 6, available at
www.jneurosci.org as supplemental ma-
terial) and the PI3K inhibitor LY294002
also led to reduced Sam68 protein levels
(Fig. 7D–F), indicating that other path-
ways also regulate the levels of Sam68
protein.
To investigate whether Sam68 has an
instructive role in oligodendrocyte differ-
entiation, we used siRNA to knock down
Sam68 in primary rat OPCs (Fig. 8A). To
identify successfully transfected cells, the
siRNA was cotransfected with a Venus-
coding plasmid, a variant of the yellow
fluorescent protein (Nagai et al., 2002). As
already argued for the Cntn1 siRNA (see
above), each cell labeled with fluorescent
protein expression is most probably co-
transfected with siRNA, although excep-
tions cannot formally be excluded.
However, immunoblotting of whole-cell
lysates confirmed a reduction in Sam68
levels after transfection with Sam68 siR-
NAs (Fig. 8B; supplemental Fig. 7D, avail-
able at www.jneurosci.org as supplemental
material) and densitometric quantification
of Sam68 immunoreactivity in cultured
oligodendrocytes showed 60% knock-
down efficiency (0.91  0.1 in control vs
0.41 0.06, p 0.001,n 4) (supplemental Fig. 7B,C, available at
www.jneurosci.org as supplemental material). Interestingly, we also
observed reducedMBP levels in the Sam68 knockdown cultures by
immunoblotting 3 d after transfection (Fig. 8B). This observation
was supported by immunocytochemistry. Here, significantly fewer
transfected cells coexpressedMBPafter knockdown(47.5%4.9 in
control vs 28.8% 9.2 after Sam68 siRNA, p 0.01, n 4) (Fig.
8C). Conversely, when heterologous Sam68 was overexpressed in
primary OPCs (Fig. 8D,E; supplemental Fig. 7E, available at www.
jneurosci.org as supplemental material), higher MBP levels were
detected by immunoblotting of total cell lysates 2 d after trans-
fection (Fig. 8E), and by immunocytochemistry a significantly
increased proportion of cells coexpressed MBP (32.9%  7.6 in
control vs 49.6 7.7 after Sam68 overexpression; p 0.03, n
5). Together, these results show that appropriate levels of Sam68
are necessary for efficient oligodendrocyte differentiation.
Sam68 also functions as a signal transducer as it is both a
substrate of Fyn (Lang et al., 1999; Paronetto et al., 2007) and an
initiator of PI3K signaling (Sanchez-Margalet and Najib, 1999).
As amechanismbywhich changing levels of Sam68 in response to
Tnc might regulate oligodendrocyte differentiation, therefore,
one might predict that it intervenes in the pathways affected by
the SFK inhibitor PP2 or the PI3K inhibitor LY294002. Indeed,
when Sam68 was overexpressed, the inhibitory effect of PP2 on
MBP expression was rescued (Fig. 8F). In contrast to this result,
however, the LY294002-induced reduction of MBP expression
appeared unaltered under these conditions (Fig. 8G). These re-
sults place Sam68 downstream of Fyn and parallel or upstream of
the PI3K signaling pathway.
Discussion
Several reports have pointed out that the ECM inhibits regener-
ation and suppresses plasticity in the adult CNS (Berardi et al.,
2004; Fitch and Silver, 2008; Gervasi et al., 2008). By comparison,
the role of the ECM in the stem and precursor cell microenviron-
ment remains obscure, although the cellular microenvironment
is crucial for stem cell maintenance and self-renewal (Scadden,
F
Figure 7. Sam68 expression increases with oligodendrocyte differentiation and is repressed through Tnc and inhibitors of SFK
and PI3K. A, A Fyn-expressing oligodendrocyte coexpresses Sam68 protein. Most Sam68 immunoreactivity is restricted to the
nucleus, although cytosolic Sam68 is also detectable. B, Immunoblotting of differentiating OPC cultures lysed after various culti-
vationperiods showing that Sam68at all stagesof oligodendrocytedifferentiation.Note, however, that Sam68 levels increasewith
differentiation (defined by increasingMBP levels). C, Immunoblottings of oligodendrocytes cultured on P-Orn or Tnc substrate for
24 h reveal that cultivation on Tnc reduces Sam68 expression levels. D, Schematic drawing of the cultivation protocol used for
addition of PP2 or LY294002. E, F, Immunoblotting shows that oligodendrocytes display lower Sam68 expression levels in the
presence of the SFK inhibitor PP2 or the PI3K inhibitor LY294002. Tubulin served as a loading control. Also note that the Sam68
antibody yielded one (B) or twobands (C, E, F ), depending onwhich Sam68 antibodywas used (seeMaterials andMethods). Scale
bar, 50m.
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2006). Focusing on OPCs as a model, we reveal an inhibitory
function of the ECM glycoprotein Tnc on differentiation and
disentangle molecular details of ECM pathways designed to sup-
press the differentiation of a committed neural precursor cell.We
show that Tnc suppresses the expression ofMBP in oligodendro-
cytes both in vitro and in vivo during postnatal forebrain devel-
opment, confirming its biological significance. The underlying
signaling cascade requires the cell surface receptor Cntn1 and the
associated Fyn kinase, and involves the regulation of the signaling
adaptor and splice regulator Sam68.We further document that Akt
signaling is diminished on Tnc substrates, an effect independent of
the growth factors PDGF, EGF, or neuregulin-1 that are also impor-
tant regulators of the oligodendrocyte lineage (Baron et al., 2005).
Elimination of Tnc inmice affects cells of the oligodendrocyte
lineage at the different stages of proliferation,migration, survival,
and differentiation (Kiernan et al., 1996; Garcion et al., 2001;
Garwood et al., 2004; Czopka et al., 2009b). Similar to the role of
other ECM molecules such as vitronectin, Tnc sensitizes OPCs
for PDGF-regulated proliferation and survival at physiological
concentrations of the growth factor in culture in an v3
integrin-dependent manner (Garcion et al., 2001; Baron et al.,
2002). In contrast to the processes operating in proliferation and
survival, the mechanism(s) and signaling pathways that are en-
gaged by Tnc to regulate differentiation are poorly understood.
In the present study, we provide evidence that the regulation of
MBP expression by Tnc involves lipid rafts, with Tnc and Cntn1
located on the extracellular face leading to Fyn activation on the
cytosolic face of the plasma membrane. Tnc has previously
been associated with lipid rafts in brain extracts (Kappler et al.,
2002) and the alternatively spliced fibronectin type III do-
mains TNfnBD directly interact with Cntn1, which results in
neurite growth promotion in neurons (Rigato et al., 2002).
However, our description of the functional consequence of a
binding of Tnc to its receptor Cntn1 in a cellular context is
novel. Cntn1 has previously been described as a functional
ligand for Notch that regulates oligodendrocyte maturation
(Hu et al., 2003). The Cntn1-to-Notch interaction revealed in
that study occurred, however, in a trans-orientation. This dif-
fers significantly from the cis-acting mechanism for Tnc and
Cntn1 demonstrated in our study. Moreover, Notch was not
detected in lipid rafts (Hu et al., 2003). It is still conceivable that Tnc
antagonizes interactions between Cntn1 and Notch in trans, under
Figure 8. Sam68 promotes MBP expression in an SFK-dependent but not PI3K-dependent manner. A, The scheme describes the cultivation protocol used for knockdown or overexpression of
Sam68. OPCs were expanded in the OPC expansion phase (PDGFFGF-2) and differentiated after transfection by adding T3 1%FCS. Pharmacological inhibitors were applied when indicated. B,
Immunoblotting shows a prominent decrease in Sam68 and also of MBP levels after transfection with Sam68 siRNA. C, Immunostaining for MBP showing that, in contrast to control cells, many
transfected cells (Venus-positive) do not coexpress MBP after Sam68 knockdown. The quantitative numbers are given in the text.D, Immunocytochemical staining for Sam68 andMBP reveals that
after transfection of a Sam68 full-length plasmid,most of the Sam68 high-expressing cells coexpressMBP (arrowheads). The quantitative numbers are given in the text. E, Immunoblotting showing
increased expression levels of MBP upon transfectionwith a Sam68 full-length plasmid. F,G, Immunoblottings showing that PP2-dependent reduction (F ) but not LY294002-dependent reduction
(G) of MBP expression is overcome by overexpressing Sam68. Scale bars, 100m.
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the assumption that the Cntn1 affinity to
Tnc is higher than that to Notch, but this
remains a subject of speculation.
The interaction between Tnc and
Cntn1 controls Fyn activity through in-
creased phosphorylation of its regulatory
Y531, which renders the kinase inactive. In
this way, Tnc counteracts laminin-2, which
induces the activation of Fyn by dephos-
phorylation of Y531 and drives oligoden-
drocyte differentiation (Colognato et al.,
2004). Furthermore, Fyn regulates MBP
expression andmyelination in response to
L1-CAM (White et al., 2008; Laursen et
al., 2009). Therefore, we propose that the
topologically specified enrichment of Tnc
in OPCs and immature oligodendrocytes
antagonizes the differentiation promot-
ing activities of Fyn. How precisely this
may occur is subject to speculation, but
differential lipid raft composition and/or
competing interactions between Tnc and
CAMs of the Ig superfamily may play a
role. Alternatively, as Cntn1 forms a com-
plex with integrins in oligodendrocytes
(Laursen et al., 2009), the activation of
distinct integrin receptors and/or cou-
pling to different intracellular signaling
pathways could be involved, as has been
proposed to explain the changes in the re-
sponse of oligodendrocytes to PDGF as
differentiation proceeds (Baron et al.,
2005).
While the link among Tnc, Cntn1, and
Fyn is established by our present work, the mechanisms involved
in the Tnc-mediated reduction of Akt phosphorylation also re-
ported in this study remains elusive. Our finding that PI3K in-
hibitors block oligodendrocyte differentiation without affecting
survival when used at low concentrations is in line with the phe-
notype of transgenic mice that overexpress a constitutively active
form of Akt in oligodendrocytes. Contrary to the predictions,
these animals did not display alterations in cell survival but were
hypermyelinated instead (Flores et al., 2008). Our observations
are also in accordance with the observation that signaling from
integrin-linked kinase to PI3K is required for myelin sheet for-
mation and does not affect survival (Chun et al., 2003). Different
groups recently revealed that mTOR (mammalian target of rapa-
mycin) is an essential downstream target of Akt to regulate oli-
godendrocyte differentiation (Narayanan et al., 2009; Tyler et al.,
2009). Our work identifies Tnc as a novel upstream regulator for
Akt. However, a unique receptor that also acts upstream (and
may therefore interact directly or indirectly with Tnc) has to our
knowledge not yet been identified. It is tempting to speculate that
the insulin receptor that signals viaAkt and Src to control survival
may be involved (Cui et al., 2005), as OPCs respond to IGF-1
(Barres et al., 1993) and the chemically defined media used con-
tains high levels of insulin. Moreover, IGF-1 is an indispensable
factor for oligodendrocyte differentiation andmyelin production
in vitro and in vivo since IGF receptor-deficient mice are hypo-
myelinated (Ye et al., 2002; Zeger et al., 2007). Interestingly,
though, the inhibitory influence of Tnc on OPC differentiation
appeared not to involve any interaction with the PDGF or
neuregulin-1 pathways.
In addition to Cntn1, Fyn, and Akt, we identified Sam68 as
another molecule involved in Tnc signaling in oligodendrocytes
as Tnc either directly or indirectly represses Sam68 protein levels
in oligodendrocytes, similar to the situation in neural stem cells
(Moritz et al., 2008). Sam68 has not been previously been impli-
cated in oligodendrocyte differentiation, but this proposed func-
tion of Sam68 as a prodifferentiation molecules in neural cells is
in line with the recent finding that overexpression of Sam68 in
P19 cells increased the proportion of newly generated neurons
(Chawla et al., 2009) and with our finding that overexpression in
OPCs increased differentiation behavior. By what mechanism
could Sam68 increase differentiation of oligodendrocytes? Sam68
can act as a signaling adaptor as well as a regulator of RNA splic-
ing and stabilization (Lukong and Richard, 2003). Our work re-
vealed that the inhibition of MBP expression by the Src kinase
inhibitor PP2 could be overcome by overexpression of Sam68,
whereas PI3K inhibition by LY294002 could not be rescued. In
keeping with an interpretation of these results that Sam68 acts as
a signaling adaptor upstream of Akt and downstream of Fyn in a
prodifferentiation pathway, Sam68 is a tyrosine phosphorylation
substrate of Fyn in T lymphocytes (Lang et al., 1999) and an
initiator the PI3K pathway when phosphorylated by the insulin
receptor (Sanchez-Margalet and Najib, 1999). In addition to
these possible roles of Sam68 as a signal adapter, Sam68 is also a
regulator of RNA metabolism (Lukong and Richard, 2003), so it
is also possible that Sam68 promotes oligodendrocyte differenti-
ation through its RNA-binding properties. This has previously
been shown for other RNA-binding proteins like quaking
(Larocque et al., 2002; Lukong and Richard, 2003) and heteroge-
Figure 9. Proposed model of Tnc signaling in oligodendrocytes. The model summarizes the results obtained from the present
study. We propose that Tnc binds Cntn1 within lipid rafts of oligodendrocyte membranes. This complex formation results in
increased phosphorylation of the regulatory tyrosine 531 of Fyn, which reduces Fyn activity. Concomitantly, Tnc stimulation
impairs phosphorylation of Akt through an as-yet-unidentified receptor. Tnc, impaired Fyn, and/or Akt activation prevents in-
creased gene expression levels of Sam68, which are necessary for effective differentiation. It remains unknown whether Tnc
prevents the activation of one linear or several parallel signaling cascades via binding to additional receptors and/or by regulation
of clustering of multiple receptors within the plasma membrane.
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neous nuclear ribonucleoprotein A2 (White et al., 2008). How-
ever, tyrosine phosphorylation of Sam68 negatively interferes with
theRNA-binding properties of Sam68 (Lukong andRichard, 2003),
so further studies are required to determine the balance of signal
transduction or RNA binding in the role of Sam68.
Our data suggest that Cntn1 and Fyn are constituents of a
preassembled lipid raft that functions as a differentiation-
promoting signaling platform, which ismaintained in an inactive
state by the interaction betweenTnc andCntn1. This is consistent
with current models of oligodendrocyte differentiation and has
been schematized as a proposed model (Fig. 9). Although it re-
mains to be seen whether Tnc regulates the signaling adapter and
RNA-binding protein Sam68 directly via Fyn or through alterna-
tive pathways and how Sam68 promotes oligodendrocyte differ-
entiation in detail, the identification of Sam68 as a Tnc and Fyn
target in oligodendrocytes extends our understanding of the
ECM-dependent signaling cascades by linking plasmamembrane
signaling domains to regulation of RNA metabolism.
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